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Abstract. Snow is a major contributor to stream ﬂow in
alpine watersheds and quantifying snow depth and distribu-
tion is important for hydrological research. However, di-
rect measurement of snow in rugged alpine terrain is often
impossible due to avalanche and rock fall hazard. A laser
rangeﬁnder was used to determine the depth of snow in in-
accessible areas. Laser rangeﬁnders use ground based light
detection and ranging technology but are more cost effec-
tive than airborne surveys or terrestrial laser scanning sys-
tems and are highly portable. Data were collected within the
Opabin watershed in the Canadian Rockies. Surveys were
conducted on one accessible slope for validation purposes
and two inaccessible talus slopes. Laser distance data was
used to generate surface models of slopes when snow cov-
ered and snow-free and snow depth distribution was quanti-
ﬁed by differencing the two surfaces. The results were com-
pared with manually probed snow depths on the accessible
slope. The accuracy of the laser rangeﬁnder method as com-
pared to probed depths was 0.21m or 12% of average snow
depth. Results from the two inaccessible talus slopes showed
regions near the top of the slopes with 6–9m of snow accu-
mulation. These deep snow accumulation zones result from
re-distribution of snow by avalanches and are hydrologically
signiﬁcant as they persist until late summer.
Correspondence to: J. L. Hood
(jlhood@ucalgary.ca)
1 Introduction
Snow is a major component of the annual water balance in
alpine watersheds (Kattelmann and Elder, 1991), and snow
depth and distribution measurements are important to hydro-
logical research (Flerchinger et al., 1992). However, direct
measurement of snow is time consuming, and in many alpine
areas, often impractical or impossible due to steep slopes
with rock fall and avalanche hazard. In high elevation moun-
tain regions, snowmelt inﬂuences the timing and quantity of
water delivered to rivers and streams. Hydrological process
studies in alpine headwaters are important for understanding
what changes may occur within a changed climatic regime
(Zierl and Bugmann, 2005). Accurate quantiﬁcation of the
hydrological inputs (rain, snowmelt, glacier melt) and snow-
pack parameters in alpine watersheds are needed for process-
based studies to understand hydrologic responses of alpine
watersheds to the inputs. Accurately quantifying snow depth
and distribution is also important for validation of snowmelt
energy balance models (Cline et al., 1998) and snow distri-
bution models (Liston and Elder, 2006), as well as for appli-
cations in avalanche research (Prokop, 2008).
Manual measurement of snow depth and density is rou-
tinely carried out in both operational settings (Derksen et
al., 2002; Dressler et al., 2006) and in ﬁeld research stud-
ies (Pomeroy et al., 2004). Manual measurement involves
collecting snow depth and density measurements at discrete
points (Elder et al., 1991) which must be interpolated to gain
insight into how snow is continuously distributed. Manual
snow surveys are time and labour intensive, and extensive
snow surveys are not practical outside of research studies
Published by Copernicus Publications on behalf of the European Geosciences Union.902 J. L. Hood and M. Hayashi: Assessing the application of a laser rangeﬁnder for determining snow depth
in small watersheds. Additionally, in alpine watersheds,
avalanche and rock fall hazard limits which areas can be sur-
veyed safely. As a result of the above limitations, extensive
resources (Dozier and Painter, 2004) have been directed to-
wards remote methods of determining snow pack properties
such as snow covered area (SCA), snow depth, density and
snow water equivalent (SWE). A method that is able to deter-
mineallofthesepropertiessimultaneouslydoesnotyetexist.
Satellite imagery can be useful in delineating SCA at high
spatial and temporal resolution (Dozier and Painter, 2004;
Rosenthal and Dozier, 1996). It is, however, limited by difﬁ-
culties in data capture due to frequently cloudy conditions in
mountainregionsanddoesnotprovideinformationregarding
snow volume. The light detection and ranging (LiDAR) data
canbeusedtodeterminesnowdepth(Hopkinsonetal., 2001)
from the difference in elevation between snow-covered sur-
facesandsnow-freesurfaces. LiDARdatahaverecentlybeen
used for investigating spatial snow distribution in Colorado
(Trujillo et al., 2007; Fassnacht and Deems, 2006; Deems et
al., 2006; Trujillo et al., 2009) although, at present, acqui-
sition of LiDAR data is very expensive and requires special
expertise. Passive microwave sensors mounted on satellites
show promise for determining SWE and these methods con-
tinue to improve (Foster et al., 2005); however, the spatial
resolution remains too coarse for studies in small watersheds
and is limited by underestimation of SWE in alpine regions
(Foster et al., 2005).
Terrestrial laser scanning (TLS) is a ground-based LiDAR
technique that is capable of producing high spatial resolution
scans of the surface and has been used in numerous applica-
tions including determining snow depth in alpine terrain for
use in avalanche research (Prokop, 2008; Prokop et al., 2008;
Schaffhauser et al., 2008). TLS produces a high density (hor-
izontal spacing of 3–6cm) point cloud and the capability to
measure changes in snow depth to within 10cm (Prokop,
2008; Prokop et al., 2008). However, TLS units are at present
quite expensive and outside of the domain of many research
budgets. Laser rangeﬁnder distance devices are based on
similar laser technology as TLS, but rely on manual point
data retrieval instead of scanning. A laser rangeﬁnder re-
quires that the operator sights and shoots at each target point;
whereas, a scanning unit can be automated to collect point
data over a speciﬁed region. Laser rangeﬁnders can be pur-
chased for a fraction of the price of TLS units and for small
scale applications they present a viable alternative for deter-
mining distances to inaccessible areas. Laser rangeﬁnders
have been used previously in diverse research applications
such as structural bedrock mapping of the Sheep Mountain
anticline (Allwardt et al., 2007), mapping of ground ﬁssures
involved in coal bed ﬁres (Ide et al., 2010) and recording po-
sitions of rutting elk and their behaviour with regards to ve-
hicle trafﬁc (St. Clair and Forrest, 2009). A laser rangeﬁnder
has also been used to create small scale digital terrain models
by interpolating point measurements (Lewicki et al., 2007).
To our knowledge, use of a laser rangeﬁnder for determining
distributed snow depth is a unique application of this tech-
nique. The laser model used in this study was a Lasercraft
Contour XLRic which can be purchased for under US$6000.
In comparison, the typical price range for a TLS system is
US$100000–$250000. A laser rangeﬁnder system has the
advantage of being very portable with all of the necessary
equipment easily transported by a single person and is a po-
tentially viable alternative to TLS for measuring snow depth.
In this study we attempt to use a laser rangeﬁnder distance
device to assess the depth of snow in dangerous to access
areas within the Opabin watershed in the Canadian Rock-
ies (see site description below). Approximately 58% of the
watershed is inaccessible because of extremely rugged ter-
rain. Slope angles in the inaccessible region are dominantly
greater than 50 degrees and accumulated snow is transported
to lower elevations via spindrift and small slough avalanches.
The snow in these preferential accumulation zones is an im-
portant component of the annual snowpack and often per-
sists through to the end of the summer months. These zones
comprise 8% of the watershed but are typically inaccessible
for manual snow measurements due to exposure to rock fall
and avalanche hazard. Therefore, the objectives of this study
were to: (1) assess the applicability of a laser distance device
for determining maximum snow accumulation and (2) assess
the hydrological signiﬁcance of increased snow accumula-
tion at the base of steep cliff walls from spindrift and slough
avalanching.
2 Methods
2.1 Overview of laser rangeﬁnder method
A bi-pod mounted laser rangeﬁnder (Lasercraft Contour XL-
Ric) (Table 1) was used to generate a dataset of surface el-
evations of snow-covered surfaces. The laser rangeﬁnder is
based on LiDAR technology where an infrared laser signal
is transmitted and returned from a surface. The time delay
between transmission and receipt of the signal is used to de-
termine the distance to the target based on the speed of light
(Lasercraft, 2007). In addition to distance, point data col-
lected with the laser provide measurement offsets from the
laser position which include inclination and azimuth. If the
precise location of the laser is known, the horizontal coordi-
nates and elevation can be determined using simple geomet-
ric calculations. The point elevation data is then interpolated
to generate a digital elevation surface and surfaces generated
from subsequent surveys are differenced to obtain the change
in elevation.
2.2 Laser speciﬁcations
The laser wavelength is 905nm (Table 1) and has excellent
signal return. Signal return is best from highly reﬂective
surfaces such as snow (Kˇ remen et al., 2006). The Contour
XLRic has a maximum range of 1850m which allows for
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Table 1. Laser speciﬁcations.
Speciﬁcations for Contour XLRic
Wavelength 905 nanometers at 200Hz
Beam divergence 3mR (equal to 0.5m at distance of 500m)
Range Max: 1850, Min: 3m
Accurancy ±0.1m to a white target at 85m
Acquire time 0.3s
Inclination accurancy ±0.1◦ (equal to 0.9m at distance of 500m)
Bearling accurancy ±0.5◦ (equal to 4.3m at distance of 500m)
Operating temperature −30 to +60◦C
surveying from safe locations. It is worth noting, that maxi-
mum rangeis obtainedat night and during cloudyconditions;
whereas, the maximum range to a white target during bright
daylight is 800m (Lasercraft, 2007). Positional uncertainty
becomes an issue at large distances because of limitations in
the laser rangeﬁnder accuracy. The manufacturer stated in-
clination accuracy (±0.1◦) and bearing accuracy (±0.5◦), re-
sults in up to 0.9m of uncertainty in the vertical position and
4.3m in the horizontal position of each laser point, respec-
tively, atarangeof500m. Additionally, thebeamdivergence
angle (the increase in the size of the beam with distance) also
limits the accuracy at full range (Table 1). A maximum range
of 500m was used in this study. A common concern with
laser surveying is transmission of the beam into the snow sur-
face. A study using TLS (laser wavelength of 900nm) found
that transmission into snow as compared to a snow surface
covered by a foil blanket was negligible (Prokop, 2008).
2.3 Comparison of laser rangeﬁnder and TLS
The laser rangeﬁnder has similarities and differences from a
TLS system that make it both more and less suitable for this
application. Both methods involve creating a digital terrain
surface by interpolating point measurements; however, the
TLS method generates a higher resolution dataset (Prokop,
2008) which enables smaller features to be resolved. In con-
trast, interpolating lower spatial resolution point data from a
laser rangeﬁnder (Table 2) results in a more generalized sur-
faceandintroducesgreateruncertaintyfromtheinterpolation
method. TLS models typically have a beam divergence of
0.25–1.3mrad(Prokop, 2008)dependingonthesystem. This
is much smaller than a laser rangeﬁnder (Table 1) which fur-
ther aids in resolution of small scale features. Both systems
requireadequatesignalreturntodeterminethedistancetothe
surface and are impacted by conditions such as fog and lower
signal return from wet snow surfaces (Prokop, 2008); how-
ever, the quality of laser rangeﬁnder signal return is assessed
in-situ because the instrument is manually operated. A laser
rangeﬁnder is signiﬁcantly more portable (1.6kg) than TLS
systems (10–18kg) (Ingesand, 2006) making it more suit-
able for conducting surveys in areas with poor access. The
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Fig. 1. (A) Opabin watershed map with locations of laser surveys
(1-lower talus, 2-validation slope, 3-upper talus), laser position (a-
lower talus, b-validation slope, c-upper talus) and inaccessible area.
Contour interval 25m. (B) Opabin watershed slope map.
portability and ease of set-up also allow for multiple surveys
in a single day. TLS systems are more appropriate when high
resolution data is required and cost and portability are of no
concern. However, a laser rangeﬁnder provides a viable al-
ternative for determining snow depth at a much lower cost,
with better portability.
2.4 Study site
This research was conducted in the Opabin watershed within
the Lake O’Hara Research Basin (51.35◦ N, 116.32◦ E)
(Fig. 1a). This area is a headwaters alpine watershed lo-
cated within Yoho National Park, British Columbia along the
western side of the continental divide. The topography is ex-
tremely rugged, with elevations ranging from 2000–3400m.
Slope angles range from 0–87◦ with a mean watershed slope
of 33◦ (Fig. 1b). In the interior of the watershed, the Opabin
“plateau” has slope angles of less than 35◦ whereas the sur-
rounding cirque walls are dominantly greater than 50◦ with
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Table 2. Laser data collection date, number of points, incidence angle, distance to target and distance between points for four laser surveys.
Location Data # of Pts Incid. Min Dist. Max Dist. to Ave Dist. to Ave Dist.
collection Angle to Target Target Target Between Points
(◦) (m) (m) (m) (m)
Upper 20 Jun 2008 500 22–31 348 447 380 1.5
Talus (snow)
29 Sep 2008 549 22–31 2.5
(snow free)
Lower 20 Apr 2008 748 9–17 379 632 500 3.2
Talus (snow)
30 Sep 2008 1232 9–17 2.9
(snow free)
Lower 18 Apr 2009 442 9–17 379 632 500 3.3
Talus (snow)
30 Sep 2009 408 9–17 4.1
(snow-free)
Validation 18 Apr 2009 187 11-15 215 287 260 1.7
slope (snow)
30 Sep 2009 545 11–15 1.2
(snow-free)
manyzonesofnearverticalcliffwalls. Anautomaticweather
station (Fig. 1) was installed in August 2004 to measure tem-
perature, humidity, wind speed and direction, precipitation,
snow depth, and radiation. The watershed has an annual
average precipitation of 1000–1200mm, average snow pack
of 575–700mm water equivalent (assessed from April snow
surveys at peak accumulation) and is snow-covered from
November through to June or July. The geology of the water-
shed consists of quartzite and sandstone at lower elevations
(valley bottom) with dominantly carbonates at upper eleva-
tions (mountain peaks) (Lickorish and Simony, 1995).
The steep cirque walls results in transport of snow from
higher elevations to lower elevations through the contin-
ual process of slough avalanches. The cirque walls are too
steep to accumulate signiﬁcant amounts of snow; therefore,
mass movement of snow (i.e. large point release or slab
avalanches) only occurs in a few localized areas. The cliff
walls are also prone to signiﬁcant rock fall as a result of the
friable carbonate geology at upper elevations and multiple
small fault zones. The combination of snow transport and
rock fall potential makes it extremely hazardous to deploy
ﬁeld teams for manual measurement of snow depth and den-
sity in a portion of the watershed; however, these areas are
zones of preferential accumulation.
2.5 Data collection and analysis methods
Two areas (“upper talus” slope and “lower talus” slope) were
selected for this analysis in order quantify snow accumula-
tionatthebaseofcliffwalls(Fig.1). Inathirdlocation(“val-
idation slope”) both laser data and manually measured snow
depth data were collected for the purpose of validating laser
results. The lower talus slope was surveyed at peak snow
accumulation (mid April) in 2008 and 2009, the upper talus
slope was surveyed in June 2008 and the validation slope was
surveyed at peak snow accumulation in 2000. The validation
slope is located in the interior of the watershed and is not
exposed to snow accumulation via avalanches. The upper
and lower talus slopes are both overshadowed by cliff walls
with average slopes of 65–70◦ and approximately 420m of
vertical relief. The cliffs above the lower talus slope have a
greater tendency for cornice formation than at the upper talus
slope. Both measurement locations have a mean slope of 30–
35◦ and face NNE. The validation slope was a safely accessi-
bleslopebeneathastablebedrock-failurescarpintheinterior
of the watershed with no overhead relief. All locations, with
the exception of the lowest part of the validation slope, have
rough topography with coarse, blocky surfaces, exhibiting as
much as a metre of relief. The upper portion of the validation
slope is more irregular and blocky than the talus slopes due to
the presence of the bedrock-failure scarp immediately above.
For each site, a second survey was conducted during Septem-
ber in snow-free conditions for each year. At the lower talus
site a small amount of snow at the top of the slope remained
during the fall survey; therefore the snow-depth values de-
termined in that region represent the change in snow depth
from April until September rather than the total depth of the
winter snowpack. The upper and lower talus slopes are ex-
posed to rock fall, whereas the validation slope is not. The
impact of rock fall on the determination of snow depth was
not considered in this study. However, there were no major
rock fall events during the period between snow and snow-
free measurements.
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The laser was set-up at a stable platform using a bi-pod
and the location was recorded using differential GPS (Sokkia
GSR2700 ISX) which is accurate to 10mm horizontally and
20mm vertically. The location was marked with a steel pin
for re-locating the laser for the snow-free survey; addition-
ally, the coordinates were recorded with the differential GPS
during both surveys. A deep snowpack (ca. 2m) at the laser
location necessitates that the laser is set up at the snow sur-
face; therefore snow depth at the laser location is measured
to aid in re-locating the laser for the snow-free survey. The
snow surface was compacted on foot prior to the laser set up
and the distance between the laser and the ground was mea-
sured prior to and following the survey (with a depth probe)
to ensure that the set up did not settle into the snow. Accurate
elevation data at the laser location is important to the success
of the method, as all laser offsets are converted to Universal
Transverse Mercator (UTM) coordinates and elevation rela-
tive to the laser location. The re-location of the laser was
precise to within 3–8cm horizontally and 12–17cm verti-
cally. The discrepancy in the vertical position of the laser
results is a result of positioning the laser over snow during
the spring survey.
At each location 187–1232 points were measured with a
horizontal spacing of 1.5–4.1m (Table 2). The distance to
the slope varied between 260–500m. The distance to vali-
dation slope was slightly less than the other slopes (average
distance of 260m, versus 380–500m) as was necessary to
achieve similar viewing and incidence angles. The laser po-
sition was, in all cases, lower than the target slopes. Laser in-
cidence angles ranged from 9–31◦ (with 0◦ representing par-
allel to the slope and 90◦ perpendicular to the slope). The in-
cidence angles at the validation slope were in a similar range
as the lower talus slope (Table 2). The upper talus slope had
greater incidence angles. Greater incidence angles result in
greater accuracy (Ingesand, 2006); however, incidence an-
gles could not be increased without exceeding the range of
the laser (for daylight) given the geometry of the watershed.
Digital elevation surfaces were generated using the
ESRI ArcGIS spatial computing software. Snow and snow-
free digital elevation surfaces were created by spatially in-
terpolating point data using a local polynomial interpolator.
This type of interpolator is inexact which smoothes the data
and results in a generalized surface (Fig. 2). Smoothing is
necessary because of the vertical uncertainty associated with
each point measurement (see discussion above). Therefore,
an exact interpolator such as kriging would result in abrupt
changes in the surface. The resolution of the interpolated
surfaces was 0.2m. The elevation of the interpolated snow-
free surface (raster data) was then subtracted from that of the
interpolated snow-free (i.e. ground) surface to obtain an esti-
mate of snow depth at the time of the initial survey.
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Fig. 2. Measured laser point data and local polynomial interpola-
tion.
2.6 Validation methods
Manual snow depth measurements were made at the vali-
dation slope on the same day as the laser survey. Snow
depth data were collected using a centimetre graduated depth
probe. Snow depth was measured at four points within a
square metre to minimize the inﬂuence of local topographic
variability and these values were subsequently averaged to
obtain the snow depth at that point. Average of the stan-
dard deviation of four depth points was 0.13m. A Trimble
GeoXH GPS was used to record the mid-point location of
the manual snow depth measurement and these points were
differentially post-corrected using data from a base station in
Calgary (160km east of the site). Ten data points had GPS
positions with greater than one metre of horizontal error and
were discarded. The manual snow depth measurement was
compared to the snow depth determined by the laser analyses
(hereafter referred to as “laser snow depth”) by extracting the
raster value of the interpolated snow depth surface that corre-
sponded with the manual point measurement using ArcGIS
software.
3 Results
3.1 Comparison of measured and laser-derived snow
depths at the validation site
Snow depths from the two measurement methods (manual,
laser) were compared at the validation slope to determine
the accuracy of the laser method. The validation slope was
surveyed with the laser on 20 April 2009, (Fig. 3a and b)
and again in snow free conditions on 30 September 2009
(Fig. 3c). Snow depth was measured manually at 44 lo-
cations on 20 April 2009 following the acquisition of laser
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data (Fig. 3d). The center position of each of the 44 manual
measurement locations was used to extract the correspond-
ing laser snow depth from the interpolated snow depth raster
(Fig. 3d). In Fig. 3, the measured snow depth at each of
the measurement locations is compared to laser snow depth
at the same location. The location number in Fig. 3 starts
from upper left of the survey area (see Fig. 3d) and sequen-
tially increases from the top to bottom, and left to right. The
error bars represent the range in measured snow depth as
determined by four measurements. Manually measured and
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laser snow depths were in good agreement with a root-mean-
square-error (RMSE) of 0.21m or 12% of the average mea-
sured snow depth (Figs. 4 and 5). The trends (Fig. 4) in high
and low snow depths are the same between the two methods.
A scatter plot of measured versus laser snow depth (Fig. 5)
illustrates the variability between the two measurement
methods which can be attributed to several sources of error.
Snow depth point measurements were not compared directly
to laser point measurements but rather to the interpolated sur-
face (Fig. 3d) generated from the laser data. Therefore some
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Table 3. Measured versus modeled mean, minimum, and maximum snow depth and standard deviation.
Mean Snow Depth (m) Minimum (m) Maximum (m) Standard Deviation
Measured 1.71 0.73 2.43 0.40
Calculated 1.70 0.79 2.45 0.37
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Fig. 6. Upper talus slope (A) snow covered (20 June 2008), (B) distribution of laser points (June), (C) snow free (29 September 2008),
(D) laser snow depth.
of the scatter in Fig. 5 may be attributed to uncertainty in-
herent in using a polynomial interpolation. There is addi-
tional uncertainty in the measured snow depth as it is impos-
sible to quantify the true value of a continuously distributed
medium with point measurements. The horizontal accuracy
of the GPS used for locating manual snow depth points was
0.5–0.9m which may introduce additional uncertainty. How-
ever, despite the uncertainty associated with the snow depth
at a given point, the trends of high and low snow depths
(Fig. 4) and the mean snow depths clearly indicate that the
average snow depth distribution is well characterized. The
average measured snow depth (Table 3) was 1.71m and the
laser snow depth average was 1.70m. Likewise, the mea-
sured (laser snow depth) minimum of 0.73m (0.79m) and
maximum of 2.43m (2.45m) indicate that the overall trend
and features of the snow depth distribution are well captured
using a laser distance device. The average point spacing at
the validation slope is less than at the talus slopes (Table 2).
The analysis on the validation slope was repeated using only
25% of the points to determine the sensitivity of the method
to point spacing. The mean snow depth was unchanged, in-
dicating this method is insensitive to the point spacing.
The snow depth distribution map (Fig. 3d) shows a large
range in accumulated snow depths. Shallow snow on the
west side (upper portion of the slope) is likely the result of
a small cliff (approximately 5m high) that shelters the slope
immediately below (Fig. 3a and d) which is also indicated by
exposed rocks at the base of the cliff. The remaining depth
variation results from depressions in the surface topography
(as determined from the snow-free laser data set) which pref-
erentially accumulate snow.
3.2 Talus slope snow accumulation patterns
There is a large range in snow depths on the talus slopes with
much greater accumulation at the top of the slope versus the
bottom (Figs. 6d, 7e and f). The upper talus slope has re-
maining snow accumulation in June of 1.15 m at the base
of the slope and nearly 6m at the top of the slope (Fig. 6d).
The range in snow depths at the lower talus slope at the peak
of the accumulation was 2.8–7.6m in 2008 and 1.7–8.9m in
2009 (Fig. 7e and f).
The snow accumulation for the lower talus slope for 2008
and 2009 reveal a slightly different pattern between these two
years. In 2008 there is a consistent transition from deep snow
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Fig. 7. Lower talus slope (A) snow covered (28 April 2009), (B) snow-free (30 September 2009), (C) distribution of laser points
(20 April 2008), (D) distribution of laser points (18 April 2009), (E) laser snow depth (2008), (F) laser snow depth (2009).
at the top of the slope to shallow snow at the bottom of the
slope whereas in 2009 there is additional cross – slope vari-
ation. This may be the result of a greater amount of snow
redistribution by wind in 2009 than in 2008. In the winter of
2009 a greater proportion of high-wind events were from the
southeast whereas the preceding three years of record indi-
cate a dominant southwest winter ﬂow regime. This change
in wind direction would result in greater accumulation on
the lee side of the slope which is indicated in the lower
talus slope accumulation proﬁle for 2009. In addition to the
change in wind direction, average wind speeds were higher
during 2009.
3.3 Contribution of slough avalanches to snow
accumulation and hydrological importance
Contribution of snow by slough avalanches was investigated
for the two talus slopes. Snow depth proﬁles along fall lines
of the slopes were extracted for each interpolated image to
determine the variability in snow depth accumulation from
thetopofthetalusslopetothebottom(Figs.6d, 7eandf)and
then these proﬁles were averaged. Extracted proﬁles (gray
lines in Fig. 8) show the change in snow depth with distance
from the top of the talus slope to the bottom of the slope with
the mean snow depth from all proﬁles in bold. These pro-
ﬁles indicate that deeper snow accumulation is located in a
zone within 150m of the cliff wall on the lower talus slope
(Figs. 8a and b) and within 50m of the cliff wall on the upper
talus slope (Fig. 8c). The cliffs above the lower talus slope
tend to focus snow accumulation as a result of converging
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slough avalanche paths which may be a possible explanation
for the larger zone of inﬂuence at this site. Additionally, the
cliffs at the lower cliff site have a tendency for cornice devel-
opment that is not present at the upper talus site.
The snow deposited through the process of slough
avalanching is an important component of the annual water
balance and these deposits often persist into the late summer
(Fig. 7b) due to the depth of the deposits and their position
on shaded northeast facing slopes. Avalanche accumulation
zones comprise 8% of the watershed area. Mean snow depth
at the lower talus site in 2008 and 2009 was 4.1m. Assuming
that this snow depth is representative of avalanche accumu-
lation zones throughout the watershed, and assuming a mean
snow density of 450kgm−3 (derived from depth-density re-
gression equations in the watershed), the water stored as
snow in these deposits is equivalent to 16% of the annual
stream ﬂow, and 54% of the stream ﬂow from 1 August to
30 September. Therefore, it is quite likely that these de-
posits play an important role in prolonging the snowmelt sea-
son. Further work is in progress to characterize this contri-
bution using a distributed snow melt model in conjunction
with characterization of snow-covered-area using oblique-
angle photographs (Corripio, 2004).
The different patterns of snow accumulation at the two
talus sites are an important indication of the variability that
may be expected throughout the watershed. This study
has provided insight into the importance of avalanche snow
transport on the alpine water balance. However, it must be
emphasized that snow accumulation via these mechanisms
may vary considerably throughout the watershed. Quan-
tifying the zone of inﬂuence of the spindrift and slough
avalanches will be useful in determining snow water equiva-
lent in the watershed.
4 Conclusions
A laser rangeﬁnder distance device was used to quantify
snow depth on talus slopes in an alpine watershed. The de-
vice was used to determine distance to snow-covered slopes
in the spring and again in the fall during snow-free con-
ditions. The point data were then used to generate digital
surface models of the snow covered and snow-free surfaces
which can be used to determine snow depth by differenc-
ing of the two surfaces. On the validation slope, the av-
erage of laser-derived snow depth (1.70m) was essentially
identical to that of manually measured snow depth (1.71m),
while the comparison of individual grid cells had a root-
mean-squared error of 0.21m or 12% of the average snow
depth. Therefore, the laser method offers unbiased estimates
of snow depth on slopes that are not accessible for manual
snow survey and captures the spatial pattern of snow depth
distribution with reasonable accuracy. Terrestrial laser scan-
ners have been used in similar applications and produce data
with higher spatial resolution (Prokop, 2008; Prokop et al.,
Fig. 8. Proﬁles of snow depth accumulation (A) lower talus, 2008,
(B) lower talus, 2009, (C) upper talus, 2008. Grey lines are ex-
tracted snow depth proﬁles. Black lines are the mean snow depths
of the extracted snow depth proﬁles.
2008); however, a laser rangeﬁnder presents a more cost ef-
fective and portable means of measuring average snow depth
in deep snow.
Snow depth distribution obtained using the laser
rangeﬁnder method showed very deep snow accumulation
at the top of talus slopes in the watershed as a result of
slough avalanching from the steep cirque walls overhead.
The amount of snow stored in these deep snow zones (ca. 6–
9m) is equivalent to 16% of average annual stream ﬂow, and
the snow persists into late August, possibly extending the
snowmelt season.
At present, reliable methods of modeling or remotely mea-
suring snow accumulation in very high relief alpine water-
sheds do not yet exist. This study has presented a simple
www.hydrol-earth-syst-sci.net/14/901/2010/ Hydrol. Earth Syst. Sci., 14, 901–910, 2010910 J. L. Hood and M. Hayashi: Assessing the application of a laser rangeﬁnder for determining snow depth
method of measuring snow depth in complex alpine areas
and contributes to an increased understanding of the hydro-
logic impact of snow redistribution by avalanches.
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